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Pulse laser generation in several Er3+,Yb3+:glasses thermally bonded with Co2+:MgAl2O4 was achieved.
Peak power in the range of 1.83–7.68 kW with pulse duration between 2.9 and 4.2 ns and energy up
to 24 lJ was obtained. The output characteristics for different transmissions of the output couplers were
investigated. To show the improvements gained by the thermal bonding procedure, a comparison of ther-
mally bonded and unbonded samples was done in terms of generation efﬁciency, peak power, beam qual-
ity, generated spectra and pulse to pulse jitter.
 2015 Elsevier B.V. All rights reserved.1. Introduction
Microchip eye safe lasers which generate wavelength around
1.5 lm are attractive for telecommunication, ranging and sensing,
because of their simplicity and good beam quality. Recently the use
of these lasers in teledetection systems (rangeﬁnders/Lidar) has
largely increased. Thus there is an intensive research work to
improve the output performances of the microchip eye safe lasers,
especially the peak power and the beam quality [1–15].
The most efﬁcient active media used in eye-safe microchip
lasers is glass doped with erbium and ytterbium ions
(Er3+,Yb3+:glass) while the most effective saturable absorber is
MgAl2O4 crystal doped with cobalt ions (Co2+:MgAl2O4) [6,7,14].
The highest peak power generated by such microchip laser was
equal to 2.2 kW with pulse energy 5.06 lJ [14]. However it was
characterized by relatively high generation threshold equal to
750 mW. One of the way to increase the peak power and the pulse
energy can be thermal bonding of Er3+,Yb3+:glass with
Co2+:MgAl2O4.
In this paper pulse generation of thermally bonded
Er3+,Yb3+:glass/Co2+:MgAl2O4 microchip lasers is reported. The
peak power of 7.68 kW with pulse energy 22 lJ and pulse width
2.9 ns was achieved. To give legitimacy to thermal bonding the
output characteristics of the thermally bonded samples were com-
pared to the output characteristics of the unbounded samples.2. Experimental
Four samples of Er3+,Yb3+:glass were thermally bonded with
four samples of Co2+:MgAl2O4. The length of the glasses was equal
to 1.90 mm which according to [16] is in the range of optimal
value. On the basis of optimization procedure presented in
[17,18] the small signal transmission of saturable absorbers was
chosen to be 97.50% giving the length equal to 0.29 mm. The cross
section dimensions of the samples were 4  4 mm. Both sides of
thermally bonded samples were polished. A dichroic
plane-parallel input mirror with antireﬂection coatings at
976 nm on both sides (AR@976 nm) and high reﬂection coatings
at 1535 nm (HR@1535 nm) on one side was used. As output cou-
plers (OC) four different mirrors with partial reﬂection at
1535 nm (PR@1535 nm) were used (R = 98.70%, 98.15%, 97.64%,
and 96.49%). The length of the cavity was determined by the length
of the investigated samples which was approximately 2.19 mm.
In case of unbonded samples the length of the glass was also
equal to 1.9 mm. It was coated on one side by antireﬂection coat-
ings at 976 nm (AR@976 nm) and high reﬂection coatings at
1535 nm (HR@1535 nm) and on the other side by antireﬂection
coatings at 1535 nm (AR@1535 nm). The saturable absorber used
in this case had the same small signal transmission equal to
97.5% and approximately the same length. As output coupler the
same mirrors were applied. The length of the cavity was also
approximately the same.
A ﬁber coupled laser diode operating at 976 nm wavelength at
25 C with the core diameter equal to 100 lm was used. The sam-
ples were end pumped using focusing optics with focal length
equal to 10 mm. To avoid thermal damage of the samples a quasi
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Fig. 1. Experimental setup. AM active medium, SA saturable absorber, OC output
coupler.
Table 1
Generation parameters of thermally bonded samples.
R (%) Pp (kW) Tp (ns) E (lJ) Slope efﬁciency (%) Pth (mW) Repetition rate at Pp = 375 mW (kHz)
Sample 1 98.70 3.47 3.36 11.65 3.49 322 1.190
98.15 2.75 3.40 9.35 3.91 304 1.204
97.64 6.76 3.24 21.90 14.81 309 1.408
96.49 4.35 3.44 14.96 3.90 299 0.909
Sample 2 98.70 4.31 2.92 12.49 5.07 285 1.219
98.15 2.57 4.20 10.79 3.21 284 1.176
97.64 7.67 2.92 22.39 8.16 309 0.980
96.49 7.61 3.16 24.04 7.92 301 0.862
Sample 3 98.70 4.61 3.80 17.53 6.06 163 2.553
98.15 2.49 3.24 8.06 4.47 157 2.342
97.64 1.83 3.28 6.00 3.12 265 1.693
96.49 3.76 3.20 12.03 5.80 255 1.785
Sample 4 98.70 2.38 3.44 8.18 4.49 268 2.083
98.15 1.91 3.40 6.49 2.67 294 1.351
97.64 2.59 3.04 7.87 3.77 272 1.218
96.49 3.43 3.64 12.49 6.19 224 1.818
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Fig. 2. Average output power versus the average pump power incident on the
active media for bonded and unbonded samples.
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was applied.
The generation investigations were carried out in the experi-
mental setup presented in Fig. 1.Fig. 3. Pulse train and pulse shape for thermally bo3. Results and discussions
Table 1 shows the results of pulse generation in the thermally
bonded samples using output coupler OC with different reﬂection
R. The output peak power Pp was between 1.81 and 7.67 kW which
is much higher than the previously reported results of pulse gener-
ation using Er/Yb:glass/crystal and Co2+:MgAl2O4 as saturable
absorber [12–15]. The pulse duration Tp was relatively short
(2.92–4.20 ns) which was due to the low internal losses and short
physical length of the cavity [19]. The maximum slope efﬁciency
equal to 14.81% was obtained from sample 1 where we reachednded sample 2 for Pp = 450 mW and R = 97.64%.
Table 2
Generation parameters of unbounded sample.
R (%) Pp
(kW)
Tp
(ns)
E
(lJ)
Slope
effeciency
(%)
Pth
(mW)
Repetition
rate at
Pp = 375 mW
(kHz)
Sample
1
98.70 0.35 19.6 6.86 4.52 353 2.220
98.15 No laser generation
97.64 No laser generation
96.49 No laser generation
Fig. 4. Pulse duration for R = 98.70% left: bonded sample 3; right: unbonded sample.
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392 mW. Pulse energy E, power threshold Pth and pulse repetition
rate at Pp = 375 mW are also presented in Table 1. Fig. 2 shows the
average output power versus the average pump power incident on
the active media for all samples. The shortest measured pulse and
the pulse train for Pp = 450 mW for sample 2 are shown in Fig. 3.
To show the improvements gained by thermal bonding, in
Table 2 we presented the results of pulse generation in identical
active medium Er3+,Yb3+:glass as well as the saturable absorber
Co2+:MgAl2O4 in approximately the same condition as applied in
the previous experiment. The length of the cavity, as well as theFig. 5. Generated spectra left: boundedsmall signal transmission of Co2+:MgAl2O4 saturable absorber and
the transmission of the output couplers were the same.
Due to the internal losses inside the cavity using unbonded
sample, the pulse generation was achieved only for the output cou-
pler characterized by 98.70% reﬂection. The pulse duration
obtained was 19.6 ns, which was several times longer than that
from bonded samples. In Fig. 4 the comparison of the pulse gener-
ated by the unbounded sample with the one generated by bonded
sample 3 (characterized by lowest threshold) was shown. The peak
power was 0.35 kWwhich was several times lower than that of the
bonded samples. Also the bonded samples have better slope efﬁ-
ciency and lower threshold.
Fig. 5 shows the generated spectra of the bonded and unbonded
samples. The unbonded sample generated two competitive modes
around 1534.58 nm and 1535.42 nm, whereas the bonded samples
generated only one mode around 1535.20 nm.
Using a slit beam proﬁler the output beam diameter was mea-
sured at different distance from a focusing lens of 125 mm focal
length and the results were ﬁtted by the Gaussian beam propaga-
tion expression. The results obtained for pump power 355 mW are
shown in Fig. 6. The calculated M2 parameter (average of M2x and
M2y) of the unbonded sample is 1.95 and that obtained for thesample 3; right: unbonded sample.
Fig. 6. Beam quality factor and intensity distribution of thermally bonded sample 3 (left) and unbonded sample (right) for R = 98.70%.
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Fig. 7. Pulse jitter versus pulse repetition rate for bonded and unbonded samples.
564 N. Belghachem, J. Mlynczak / Optical Materials 46 (2015) 561–564bonded sample 3 is 3.15. This is probably due to some physical
inhomogeneities in the bounding area. The beam quality could
be improved using better pumping optics to reduce the pumped
area to the TEM00 mode.
The pulse to pulse jitter was also compared. Fig. 7 shows the
pulse jitter versus repetition rate for the bonded sample 3 and
unbounded sample. As expected the pulse jitter decreases for
higher repetition rate [20]. For the same repetition rate the bonded
sample shows lower pulse jitter especially for lower repetition
rates.
4. Conclusion
Enhanced performance of q-switched microchip lasers was
demonstrated using Er, Yb doped glass thermally bonded with
Co:MALO saturable absorber. The maximum achieved peak power
was 7.68 kWwhich is the highest so far reported generated by pas-
sively q-switched microchip laser using glass doped with erbium
and ytterbium ions thermally bonded with saturable absorber
Co2+:MgAl2O4. Comparison to the unbonded sample showed that
the peak power and the efﬁciency were greatly improved due to
lower internal losses in thermally bonded samples. The threshold
was also decreased.
Acknowledgements
The authors would like to thank the Institute of Electronic
Materials Technology for the development of the glass active med-
ium and the saturable absorber MALO as well as the Institute of
Applied Optics for the thermal bonding of the samples.
The work was sponsored by the Polish National Centre for
Research and Development, Project DOB-1-6/1/PS/2014.References
[1] P. Laporta, S. De Silvestri, V. Magni, O. Svelto, Diode-pumped cw bulk
Er:Yb:glass laser, Opt. Lett. 16 (1991) 1952.
[2] J.C. Sourian, P. Romero, C. Borel, C. Wyon, C. Li, R. Moncorge, Room-
temperature diode-pumped continuous-wave SrY4(SiO4)3O:Yb3+,Er3+ crystal
laser at 1554 nm, Appl. Phys. Lett. 64 (1994) 1189.
[3] J. Mlynczak, K. Kopczynski, Z. Mierczyk, M. Malinowska, P. Osiwianski,
Comparison of cw laser generation in Er3+,Yb3+:glass microchip lasers with
different types of glasses, Opto-Electron. Rev. 19 (2011) 87.
[4] C. Li, R. Moncorge, J.C. Sourieau, C. Borel, C. Wyon, Room temperature CW laser
action of Y2SiO5:Yb3+,Er3+ at 1.57 lm, Opt. Commun. 107 (1994) 61.
[5] T. Scweizerr, T. Jensen, E. Heumann, G. Huber, Spectroscopic properties and
diode pumped 1.6 lm laser performance in Yb-codoped Er:Y3Al5O12 and
Er:Y2SiO5, Opt. Commun. 118 (1995) 557.
[6] B. Denker, B. Galagan, V. Osiko, S. Sverchkov, Materials and components for
miniature diode-pumped 1.5-lm erbiglass lasers, Laser Phys. 12 (2002) 697.
[7] J. Mlynczak, K. Kopczynski, Z. Mierczyk, M. Malinowska, P. Osiwianski, Pulse
generation at 1.5 lm wavelength in new EAT14 glasses doped with Er3+ and
Yb3+ ions, Opto-Electron. Rev. 20 (2012) 14.
[8] J. Sulc, H. Jelinkova, W. Ryba-Romanowski, T. Lukasiewicz, 1.6 lm microchip
laser, Laser Phys. Lett. 6 (2009) 207.
[9] Y.J. Chen, Y.F. Lin, J.H. Huang, X.H. Gong, Z.D. Luo, Y.D. Huang, Diode-pumped
monolithic Er3+:Yb3+:YAl3(BO3)4 micro-laser at 1.6 lm, Opt. Commun. 285
(2012) 751.
[10] L.I. Burov, L.G. Krylova, Optimization of Yb–Er microchip laser parameters, J.
Appl. Spectrosc. 79 (2012) 376.
[11] V.E. Kisel, K.N. Gorbachenya, A.S. Yasukevich, A.M. Ivashko, N.V. Kuleshov, V.V.
Maltsev, N.I. Leonyuk, Passively Q-switched microchip Er, Yb:YAl3(BO3)4
diode-pumped laser, Opt. Lett. 37 (2012) 2745.
[12] Y. Chen, J. Huang, Y. Zou, Y. Lin, X. Gong, Z. Luo, Y. Huang, Diode-pumped
passively Q-switched Er3+:Yb3+:Sr3Lu2(BO3)4 laser at 1534 nm, Opt. Express 22
(2014) 8333.
[13] Y. Chen, Y. Lin, Y. Zou, J. Huang, X. Gong, Z. Luo, Y. Huang, Diode-pumped 1.5–
1.6 lm laser operation in Er3+ doped YbAl3(BO3)4 microchip, Opt. Express 22
(2014) 13969.
[14] G. Karlsson, V. Pasiskevicius, F. Laurell, J.A. Tellefsen, B. Denker, B.I. Galagan,
V.V. Osiko, S. Sverchkov, Diode-pumped Er–Yb:glass laser passively Q
switched by use of Co2+:MgAl2O4 as a saturable absorber, Appl. Opt. 39
(2000) 6188.
[15] S. Feng, W. Zhao-Hui, L. Shu-Jing, C. Hong, T. Jian-Guo, Z. Guang-Yin, B. Denker,
S. Sverchkov, A passive Q-switched microchip Er/Yb glass laser pumped by
laser diode, Chin. Phys. Lett. 23 (2006) 1195.
[16] J. Mlynczak, K. Kopczynski, Z. Mierczyk, Generation investigation of eye-safe
microchip lasers pumped by 974 nm and 939 nm wavelength, Opt. Appl. 38
(2008) 657–668.
[17] J. Degnan, Optimization of passively Q-switched lasers, J. Quantum Electron.
31 (1995) 1890–1901.
[18] J. Mlynczak, K. Kopczynski, Z. Mierczyk, Optimization of passively repetitively
Q-switched three-level lasers, IEEE J. Quantum Electron. 44 (2008) 1152–1157.
[19] Y. Ren, J. Dong, Passively Q-switched microchip lasers based on Yb:YAG/
Cr4+:YAG composite crystal, Opt. Commun. 312 (2014) 163.
[20] D. Nodop, J. Limpert, R. Hohmulth, W. Richter, M. Guina, A. Tunnermann, High-
pulse-energy passively Q-switched quasi-monolithic microchip lasers
operating in the sub-100-ps pulse regime, Opt. Lett. 32 (2007) 2115.
